Abstract. acetylation and deacetylation are the main posttranslational modifications of histones. Increased deacetylation is associated with carcinogenesis, but the individual histone deacetylase (HDAC) responsible for this increase remains elusive. This study was designed to investigate the role of histone deacetylase 1 during tumorigenesis in McF-7 human breast cancer cells. Anti-sense RNA was used to downregulate HDAC1 expression. RT-PCR analysis confirmed the efficiency of the anti-sense RNA, revealing that anti-sense RNA effectively downregulated HDAC1. The MTT assay showed that the proliferation of MCF-7 cells was inhibited and that cell activity was decreased. Cell cycle analysis identified cell cycle phase variations, with cells mainly arrested in the G1 and G2 phase. The anti-sense RNA of HDAC1 induced the inhibition of proliferation and cell cycle arrest in MCF-7 cells, suggesting it might have therapeutic applications as an antitumor agent in breast cancer.
Introduction
Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are two opposing classes of enzymes which tightly control the equilibrium of histone acetylation (1) . In the 1960s, Allfrey et al were the first to show that histones can control gene activation in higher organisms and that their post-translational modifications can affect RNA synthesis (2) . Acetylation confers a negative charge on the positively charged histones, leading to the breakage of electrostatic attraction between histones and DNA. This in turn causes a localized relaxation of the chromatin, allowing gene transcription (3) .
An increasing body of evidence suggests that the disruption of HAT and HDAC activity is associated with carcinogenesis. An imbalance in acetylation and deacetylation has been found in several types of tumors (4) . Missense mutations and truncations of p300 HAT occur in colorectal and gastric primary tumors. Loss of heterozygosity of p300 was reported in glioblastomas, hepatocellular carcinomas and leukemias (5, 6) . Although to date direct alterations in the expression levels of HDACs have not been found to be associated with the pathogenesis of tumors, increased HDAC activity is associated with the repression of tumor suppressor genes and oncogenic translocation products (7) . During tumorigenesis, tumor suppressor genes such as p16, p21 and gelsolin are deregulated (8, 9) due to HDAC activity on their promoters. In acute promyelocytic leukemia, the fusion protein PLZF-RAR· represses transcription through recruitment of a co-repressor protein complex that contains an HDAC. This results in unresponsiveness to the physiological concentration of retinoic acid (RA). When treated with an HDAC inhibitor, PLZF leukemia cells exhibit restored sensitivity to physiological concentrations of RA. This suggests that Hdacs play an important role in the development of PLZF leukemia (10) .
When an imbalance in the equilibrium between acetylation and deacetylation is observed during tumorigenesis, an alteration in Hdac activity is more evident than one in HaT activity. When tumor cells are treated with HDAC inhibitors, their proliferation is inhibited and they undergo cell cycle arrest and apoptosis (11, 12) . These drugs have little or no effect on normal cells (13, 14) . Thus, HDAC variation may play a role in carcinogenesis. Here, we used anti-sense RNA targeting Hdac1 to determine whether anti-sense rna could be used for the specific inhibition of HDAC1 expression and whether this inhibition would result in antitumor effects. We demonstrated that specific downregulation of HDAC1 by anti-sense RNA inhibited the growth of MCF-7 cells in vitro, suggesting that HDAC1 might serve as a therapeutic target for human breast cancer. Plasmid construction and identification. The fragment of HDAC1 was amplified and purified, and ligated into the pcDNA3.1(-) vector. Bacterial colonies were pooled and used for plasmid preparation. The positive clones were identified by PCR and further confirmed by sequencing.
Materials and methods

Cell
Cell transfection. Cells were maintained in DMEM medium with 10% BSA. One day before transfection, cells were seeded into 24-well plates at a density of 3. Semi-quantitative analysis of HDAC1. Total RNA was extracted with TRIzol reagent (Takara), and cDNA was produced using a reverTra ace-·-cDNA Kit (Toyobo). According to the manufacturer's instructions, 1 µg of RNA was used to synthesize cDNA. The primers and conditions were identical to those used in the HDAC1 amplification. The RT-PCR products obtained were electrophoresed on a 2% agarose gel with ethidium bromide. Densitometric analysis was performed using Scion Image software, and the inhibitory rates of HDAC1 mRNA expression were calculated.
MTT assay. On the day before transfection, cells were seeded at a density of 2.5x10 3 cells/well in 96-well plates in 100 µl of DMEM supplemented with 10% FCS. Cultures were grown for 5 days. Each day, 5 wells were selected from each group of cells, and 20 µl of PBS containing 5 mg/ml MTT (Sigma, USA) was added to each of these wells. The cells were incubated with MTT at 37˚C for 4 h, and the reaction was terminated with the addition of DMSO (150 µl/well). Cells were then incubated for an additional 15 min. Absorbance was measured spectrophotometrically on a plate reader (Bio-rad, uSa) at 570 nm.
Cell cycle analysis. Cells were collected after a 72-h transfection. Equal amounts of the blank group (with DMEM substituted for transfection complex), the negative group (pcDNA3.1(-)-control), the positive controls (TSA, 0.5 µmol/l) and the anti-HDAC1 group were collected. Cells were washed twice with PBS, and then fixed in 75% ethanol and stored at -20˚C for >30 min. For analysis, the samples were washed once in PBS and stained with 400 µl of a 50 µg/ml propidium iodide solution containing 20 µg/ml RNase for 30 min. Analysis was performed by flow cytometry using Cell Quest software.
Statistical methodology. Data were analyzed using one-way ANOVA and the Student Newman-Keuls test for multiple comparisons within treatment groups. P<0.05 was considered to indicate a significant difference. A.
B.
Results
Amplification of HDAC1.
Since HDAC1 has so few transcripts, we chose to target base pairs 137-867 to downregulate it effectively. This fragment of HDAC1 was amplified with an apparent band (Fig. 1A) .
The amplified fragments of HDAC1 and vector pcDNA3.1(-) were digested with Ecori and HindIII for plasmid construction. Plasmid identification with Ecori and Hindiii indicated that HDAC1 had been inverted in pcDNA3.1(-), with electrophpresis revealing two apparent bands, one the HDAC1 gene and the other vector pcDNA3.1(-) (Fig. 1B) . Further identification by sequencing confirmed that it was the targeted sequence, though inverted, while a BlaST database search revealed a c➝T mutation at nt787. As this mutation would not globally affect anti-sense function, this clone was selected for further manipulation.
Anti-sense RNA downregulated HDAC1. The anti-sense RNA plasmid was constructed and transfected into MCF-7 cells so as to test its efficiency. In the blank, negative and positive controls, as well as in the experimental group, treatment for 72 h significantly downregulated HDAC1. Electrophoresis revealed the band of the experimental group to be weaker than that of the negative control. Semi-quantitative analysis revealed that the anti-sense rna inhibited Hdac1 expression to 43% in contrast to β-actin, while no significant difference was observed with the blank and negative controls, indicating that the anti-sense RNA effectively downregulated HDAC1. We also found that TSa, an Hdac inhibitor, suppressed Hdac1 expression in the positive control. This decrease was more apparent in the positive control than in the experimental group. TSA is a transcriptional agent that regulates the expression of many genes, so it was not surprising that it regulated HDAC1 expression ( Fig. 2A) .
Proliferation analysis showed that, among the blank, negative and positive controls and the experimental group, anti-sense RNA applied for 72 h inhibited the proliferation of MCF-7 cells and decreased cellular activity compared to the negative controls. No difference was observed with the blank and negative controls. Thus, anti-sense RNA suppressed HDAC1 expression and inhibited MCF-7 cell proliferation in vitro (Fig. 2B). A. 
B.
Anti-sense RNA induced cell cycle arrest. Cell cycle analysis showed that, among the blank, negative and positive controls and the experimental group, anti-sense RNA applied for 72 h arrested the MCF-7 cell cycle. Cells were arrested in the G1 and G2 phase. There was no comparable variation in the blank control, indicating that anti-sense rna induced cell cycle arrest in the MCF-7 cells (Fig. 3) .
Discussion
HDAC1 was the first histone deacetylase to be identified, by Taunton et al in 1996. It is a 482-amino acid protein with a molecular weight of 55 kDa (15) . In 1997, several laboratories reported that Hdac1 induced transcriptional repression by binding to transcriptional repressors (16, 17) . Increasing evidence suggests that the disruption of HDAC1 activity is associated with carcinogenesis, and that HDAC1 dysfunction is correlated with tumor formation. In acute promyelocytic leukemia, Hdac1 was recruited by a co-repressor protein complex, resulting in unresponsiveness to the physiological concentration of retinoic acid (RA). When treated with HDAC inhibitors, leukemia cells showed a restored sensitivity to the physiological concentration of RA (10). Choi et al reported that Hdac1 was overexpressed in gastric cancers compared to normal tissues in 17 of 25 samples. When treated with chemical therapies, the expression of HDAC1 in these cells was suppressed (18) . Kim et al demonstrated that, in addition to inhibiting Hdac activity, the Hdac inhibitor TSa suppresses HDAC1 expression. TSA thus double suppresses HDAC1 at both the protein and mrna level (19) , suggesting that Hdac1 may play a vital role in deacetylation modification.
In this study, we first conducted stable transfection with G418. Our previous experiments had established that 400 mg/l of G418 was the lowest dose that could be applied while keeping cells alive for two weeks, so 400 mg/l of G418 was seleced for the screening dose. During stable transfection, 400 mg/l of G418 was added after a 48-h transfection. Days later, we found that extensive apoptosis had occurred in the anti-sense group; after 2 weeks, no living cells remained. In contrast, there were a few living cells in the negative group. The same results were obtained when the stable transfection was repeated. We reasoned that anti-sense RNA suppressed Hdac1 and downregulated its expression in much the same way as an HDAC inhibitor, causing the observed cytotoxicity. Thus, transient transfections of 72 h were selected for further experiments.
consistent with Kim et al, we demonstrated that TSa suppressed HDAC1. In the present study, this suppression was more potent than that achieved by anti-sense RNA. Possibly, TSa acted as a transcriptional repressor, regulating the transcription of multiple genes, including HDACs, through a mechanism other than histone acetylation modification. Proliferation and cell cycle analysis revealed that cellular proliferation was inhibited and the cell cycle was arrested after transfection with anti-sense RNA. Analysis of the sequences of HDAC1-8 revealed that HDAC1 and 2 share a common sequence in the region of the anti-sense RNA, while HDAC1 shares no common sequences with the other HDACs. Thus, our anti-sense rna downregulated Hdac1 and possibly also partially inhibited HDAC2. This downregulation of HDAC2 might also have contributed to the observed cell cycle effects. HDAC1 has a number of significant domains besides its acetyl-domain. It often interacts with the transcription repressors SIN3, N-CoR and Smads, and functions in a multiprotein complex (20, 21) . In vitro expression of HDAC1 in E. coli showed that His-Hdac1 or GST-Hdac1 displayed no acetyltransferase activity. It was reported that components or co-factors in the complex were the key factors stimulating HDAC1 function. Suppression of HDAC1 via anti-sense RNA would affect the integrity of any complex containing HDAC1 (22, 23) , Thus, in addition to the cellular effect imposed by the suppression of HDAC1, disruption of the integrity of the complex might explain the cell cycle effects observed.
By manipulating Hdac1 alone, it is possible to arrest the growth of MCF-7 cells. In the present study, no apparent compensation by Hdac2-8 was observed, possibly due to their having a dissimilar function. In addition, HDACs may have different substrates, some aimed at histones and others correlated with non-histones. Evidence suggests that the transcriptional regulation caused by Hdac inhibitors might not be solely attributable to the level of histone acetylation, as the acetylation of non-histone proteins, such as p53, GATA-1, HSP-90 or tubulin, has also been described (24, 25) .
